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This note discusses the possibility of probing a warped extra dimension with the CMS
detector, through a search for Randall-Sundrum graviton excitations in the diphoton
decay channel. This search utilizes the results of the analogous search for large ex-
tra dimensions in the diphoton decay of virtual KK gravitons, to place limits on the
parameters of the Randall-Sundrummodel of extra dimensions and to probe the pos-
sible discovery of gravitons. We focus on the reach with 100 pb−1 of 10 TeV proton-
proton collision data at the Large Hadron Collider.

11 Introduction
New approaches which exploit the geometry of extra spatial dimensions have been proposed
to resolve the hierarchy problem of the Standard Model [1–3]. The hierarchy problem refers
to the large difference between the Planck scale (MPl ∼ 1016 TeV) where gravity is expected to
be strong, and the scale of electroweak symmetry breaking (∼ 1 TeV). The scenario proposed
by Arkani-Hamed, Dimopoulos and Dvali (ADD) deals with the case in which the hierarchy is
generated by a large volume for the extra dimensions [1]. The Randall-Sundrum (RS) scenario
suggests that the observed hierarchy is created by a warped extra dimension [2]. If these theo-
ries, in fact, describe the origin of the observed hierarchy, then their signatures should appear
at TeV scale experiments.
RS models posit that our universe is described by a higher-dimensional warped geometry. The
warping of the extra dimension causes the energy scale of one end of the extra dimension
to be much larger than at the other end. In the simplest RS models, our universe is repre-
sented as a 5-dimensional space, and all particles, except for the graviton, are localized on (3
+ 1)-dimensional brane(s). We consider RS-1 models, which have a finite size for the extra
dimension, with two branes, one at each end.
More specifically, the RS-1 model consists of a 5-dimensional non-factorizable geometry based
on a slice of AdS5 space with length pirc, where rc is the compactification radius. The metric is
given by:
ds2 = e−2krc|φ|ηµνdxµdxν − r2cdφ2, (1)
where the Greek indices extend over ordinary 4-d space, ηµν is the metric tensor for Minkowski
space-time, and 0 ≤ φ ≤ pi is the coordinate along the single extra dimension of radius rc. Here
k is the AdS5 curvature scale, or “warp factor”, which is of the order of MPl . The relation
between the reduced 4-d Planck scale M¯Pl ≡ MPl/
√
8pi, the 5-d Planck scale M5, the curvature





The scale of physics phenomena as realized by the 4-d flat metric transverse to the 5th dimen-
sion, y = rcφ, is specified by the exponential warp factor. TeV scales can naturally be obtained
on the 3-brane at φ = pi, if gravity is localized on the Planck brane at φ = 0 and krc ∼ 11− 12.
The scale of physical processes on this TeV-brane is then Λpi = M¯Ple−krcpi. The observed hi-
erarchy is thus generated by a geometrical exponential factor; gravity originates on the Planck
brane and the graviton wave function is exponentially suppressed as we move along the extra
dimension away from the Planck brane.
Gravitons appear as a tower of Kaluza-Klein excitations with masses and widths determined
by the parameters of the RS-1 model: the mass of the first graviton excitation mode M1, or MG,
and the dimensionless coupling parameter k˜ = k/M¯Pl . Precision electroweak data require that
k˜ > 0.01, while the requirement that the model remains perturbative constrains k˜ < 0.1.
The most recent experimental constraints come from experiments at the Tevatron. From an
analysis of 1.2 fb−1 of data in search of RS-1 gravitons in the diphoton channel, the CDF Col-
laboration has derived lower limits on the graviton mass of 230GeV/c2 and 850GeV/c2, at the
95% CL, for couplings of k˜=0.01 and 0.1, respectively [4]. The D0 Collaboration has pursued
a simultaneous analysis of di-electromagnetic objects (dielectrons/diphotons) with 1 fb−1 of
data, producing lower limits of 300GeV/c2 and 900GeV/c2 at the 95% CL, for k˜=0.01 and 0.1,
respectively [5].
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Figure 1: Feynman diagrams for RS graviton production and decay into two photons.
The LHC will provide a new window of opportunity to detect RS graviton excitations with
high resonance masses both for the weak coupling constant k˜=0.01 as well as for the stronger
k˜=0.1. The CMS collaboration has already published a study of the reach for the search of RS
gravitons decaying into electron pairs with full simulation and reconstruction for
√
s = 14 TeV
pp collisions [6]. For an integrated luminosity of 100 fb−1, resonances can be discovered at the
5σ level for masses up to 1.8 TeV/c2 for k˜=0.01. Heavier resonances are accessible for larger
values of k˜, with a mass reach of 3.8 TeV/c2 for k˜=0.1.
This note describes the feasibility of discovering the lowest excitation of RS-1 KK gravitons




s = 10 TeV pp collision data. The advantage of the diphoton decay channel for the decay
of the graviton is the larger branching fraction: 4%, compared to 2% for the e+e− and µ+µ−
decay channels.
This analysis utilizes the results of the search for graviton decays in the diphoton channel of the
ADD model of large extra dimensions (ED) [7]. The large ED search explores virtual graviton
decays in the diphoton channel. The large ED search has the same final state as the search for
RS graviton excitations, but the ADDKK graviton states manifest themselves as a non-resonant
excess above Standard Model expectations. The strategy for this diphoton resonance search is
to use the results from the non-resonant large ED search to extract limits on and probe the
possibility discovery of the RS warped extra dimension model. This approach is slightly less
sensitive than a dedicated analysis for the search for a diphoton resonance. However, since the
backgrounds are small, the limits from such an approach will not be affected significantly.
2 Signal and Background
The signal for our search consists of two high energy photons, arising from the decay of an
RS-1 graviton. Figure 1 shows the Feynman diagrams for the production and decay of the
RS graviton. The signal samples considered were produced with PYTHIA 6 and span M1 =
750, 1000, 1250, and 1500GeV/c2 with k˜ = 0.01. The production cross sections for these samples
are listed in Table 1. Only samples with k˜=0.01 were produced. The parameter k˜ effects the cross
section as well as the width of the resonance. However, the width is still very narrow for k˜=0.01
and the range of masses that we probe. Since we do a counting experiment from 700GeV/c2 to
the kinematic limit, our analysis is not very sensitive to the width of the resonance.
The dominant background for the diphoton decay of the RS-1 graviton is SM diphoton produc-
tion. The SM diphoton background processes occur via quark annihilation (Born) and gluon fu-
sion (Box); since the final state for these processes is the same as our signal, they are irreducible
backgrounds. In this analysis, only the Born process is considered since Box contributions are
small, as described in [7]. Other instrumental backgrounds arise from processes with one or
two fake photons: QCD γ+jets or multijet production and Drell-Yan e+e− production. The
3M1 ( GeV/c2) k˜ σtot×BR (pb) Ngenerated
750 0.01 0.02083 20130
1000 0.01 0.004285 24753
1250 0.01 0.001262 21060
1500 0.01 0.0003947 20304
Table 1: Signal Monte Carlo production cross sections.
γ+jets background consists of two categories of processes: one in which a second photon arises
from final state radition of the outgoing quark, and secondly, when a neutral hadron from a jet,
mostly isolated pi0s, decays to photons. The multijet background likewise arises when the de-
cay of neutral hadrons from jets produce significant deposits of electromagnetic energy. Lastly,
the Drell-Yan e+e− process can mimic photons when the electrons undergo bremsstrahlung, or
when electron tracks are mis-reconstructed. A detailed description of backgroundMonte Carlo
samples and the procedures used for estimating backgrounds with data-driven methods can
be found in the large ED note [7].
3 Event Selection
For this analysis, we apply an event selection requiring the following kinematic criteria:
• Photon pT > 50GeV
• Photon |η| < 1.5
• Mγγ > 700GeV
Photon pT and diphoton invariant mass cuts are applied since our signal will manifest itself as
a high energy diphoton resonance. Additionally, a cut on photon η is applied because graviton
excitations will be produced more centrally than the SM background processes.
The plots in Figure 2 show the diphoton invariant mass spectra for the signal samples, after the
selection is applied and scaled to 100 pb−1.
In this analysis, we consider the signal acceptance (after cuts are applied, as measured for MC
truth particles) and the photon reconstruction and identification efficiencies separately. The
photon reconstruction and identification requirements are described in detail in the large ED
analysis note [7]. Table 2 shows the signal acceptance, measured for MC truth particles after
the selection, and the photon ID/reconstruction efficiency. The efficiencies for photon ID and
reconstruction are folded into the limit setting and discovery reach calculations. It should be
noted that the diphoton efficiency measured by the large ED analysis was 72 ± 7%, which
differs from what is measured for the RS analysis; this difference is taken into account in the
calculation of the limits and discovery reach, as described in the following sections.
4 Limits on RS Model Parameters
After calculating the acceptance after selection for our RS-1 GKK samples, we extrapolate these
rates to limits on the model parameters: the graviton mass M1 and the coupling parameter
k˜. Here, we take advantage of the results of the non-resonant large ED graviton search. The
large ED diphoton analysis places limits on the parameters of the ADDmodel using a Bayesian
with a flat prior chosen for the signal cross section to determine the expected limit assuming a
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Figure 2: Diphoton invariant mass spectra after selection is applied, scaled to 100 pb−1 for
M1 = 750, 1000, 1250, and 1500GeV/c2, k˜ = 0.01 samples.
M1 ( GeV/c2) k˜ Nexpected 100pb−1 MC acceptance photon ID/reco eff
750 0.01 0.595 ±0.007 0.499 ±0.004 0.631 ±0.005
1000 0.01 0.150 ±0.001 0.563 ±0.003 0.633 ±0.004
1250 0.01 0.0462 ±0.0004 0.616 ±0.003 0.599 ±0.004
1500 0.01 0.0155 ±0.0001 0.672 ±0.003 0.588 ±0.004
Table 2: MC signal samples, the expected number of signal events in 100 pb−1, MC acceptances
after selection is applied, and the efficiency for reconstructing and identifying photons.
background-only hypothesis. The large ED analysis determines the expected 95% CL limit and
the signal cross section parameterization as a function of the strength of the extra dimension
effects in excess of the SM.
In addition, the following systematic errors were taken into account in estimating the limits:
10% uncertainty on the diphoton efficiency and total integrated luminosity, and 10% uncer-
tainty on the signal cross section, mainly arising from the K factor value, which accounts for
NLO effects in the LO PYTHIA cross section. We use a value of K=1.3, following the large ED
analysis [9, 10]. Also, a luminosity dependent uncertainty on the background estimate has also
been applied for the large ED analysis: δB/B = 10%⊕
√∫
Ldt/pb. For 100 pb−1 this amounts
to a 35% uncertainty. Further details on the method used to set limits in the large ED diphoton
analysis can be found in the corresponding analysis note [7].
The most relevant result that we utilize is the 95% CL limit on the signal cross section for ADD
gravitons decaying in the diphoton channel (σ95). Table 3 shows the 95% CL limits from the
large ED analysis for 50, 100, and 200 pb−1 [7]. The calculation of the limits for the large ED
analysis used a flat diphoton efficiency of 72 ± 7% efficiency. We see from Table 2 that the
photon efficiency for this analysis differs from 72% significantly. This difference mainly arises
in the reconstruction and pixel veto efficiencies between the large ED and RS analyses. We
correct for this difference by scaling the 95% CL limits on the large ED signal cross sections by




Table 3: 95% CL limit on the signal cross section for ADD gravitons decaying in the diphoton
channel (σ95), as derived in the large ED non-resonant diphoton analysis.
the ratio of the RS measured photon efficiency (last column of Table 2) and the value measured
for the large ED analysis (72%) when extrapolating to the RS signal cross section limits, as
shown below.
We use the following formula to extrapolate to a limit on RS-1 GKK → γγ, correcting for differ-




σLORS (γγ)× K× A
, (3)
where k˜95 is the limit on the coupling k˜ that we are trying to extrapolate; the signal samples
were generated with k˜ = 0.01. eRSID is the diphoton efficiency for the RS analysis, as shown in
Table 2, and eID = 72± 7% is the photon ID efficiency as measured for the large ED analysis.
σLORS (γγ) is the LO signal production cross section (as listed in Table 1). K is the “K factor”; we
use a value of K=1.3 as mentioned earlier. A is the MC acceptance after selection as listed in
Table 2.
Using Equation 3, we produce Figure 3, which shows the extrapolated limit in the (M1, k˜)
plane. We see from this figure that with 50 pb−1, we can place a 95% lower limit on a graviton
of mass up to roughly 1.2 TeV/c2 with k˜=0.1. Likewise, with 100 pb−1, we can place a lower
limit on a graviton mass up to 1.35 TeV/c2 with k˜=0.1.
5 Discovery Potential for RS Warped Extra Dimension
We also consider the signal discovery potential for the RS-1 warped extra dimension model
and calculate the estimated integrated luminosity needed to establish a signal.
As in the large ED analysis, to estimate the discovery potential we calculate the Poissonian
probability for the background to fluctuate to or above the number of events n observed in the
counting window. The p-value is then converted into the Gaussian significance of a one-sided
fluctuation, represented as the number of standard deviations, σ. Since we want to ensure that
the discovery is not claimed with just one observed signal event, we control the total number of
events s+ b to be at least 3 for evidence of signal, and 5 for a discovery. It should be noted that
the photon efficiency has been taken into account in this calculation, as described in Section 4.
The results are shown in Fig 4. We can see that with as little as 30 pb−1 we can claim a 5σ
discovery for a 1 TeV/c2 mass graviton with k˜ = 0.1. With 100 pb−1, we can claim 5σ discovery
for a 750GeV/c2 RS graviton with k˜ = 0.03, and with 130 pb−1 we can claim a discovery for a
1.25 TeV/c2 RS graviton with k˜ = 0.1. We see that, even with a small sample of early LHC data,
we can cover a large range of the parameter space, particularly if the coupling is strong k˜ ∼ 0.1.
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Figure 3: Limit on RS parameters (M1, k˜), extrapolated from the results of the large ED dipho-
ton search for 100/pb. The area to the left of the curves is excluded. The gray shaded region
shows the area excluded for Λpi < 10 TeV/c2. The area below the dash-dotted line is excluded
by precision electroweak data [11].
6 Conclusions
In conclusion, we investigate the feasibility of discovering a high mass diphoton resonance
with the CMS detector. We place limits on the RS-1 parameters (M1, k˜) and probe the discov-
ery potential of the RS-1 model, utilizing the results of the ADD graviton search in the diphoton
channel. With 100 pb−1, we can place a 95% CL limit on a graviton mass up to 1.35 TeV/c2 with
k˜=0.1. Likewise, with 100 pb−1, we can claim 5σ discovery for a 750GeV/c2 RS graviton with
k˜ = 0.03. Even with a small sample of early LHC data, we can cover a large range of the pa-
rameter space, particularly if the coupling of the model is strong k˜ ∼ 0.1.
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Figure 4: Luminosity required for signal discovery for various values of the RS-1 model pa-
rameters M1 and k˜. The y-axis shows the corresponding p value (in one-sided Gaussian σ’s).
Requiring at least 3 events for observation and 5 for discovery ensures that the discovery can-
not be claimed on a single event.
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